The sinusoidal locomotion exhibited by Caenorhabditis elegans predicts a tight regulation of contractions and relaxations of its body wall muscles. Vertebrate skeletal muscle contractions are driven by voltage-gated sodium channel-dependent action potentials. How coordinated motor outputs are regulated in C. elegans, which does not have voltage-gated sodium channels, remains unknown. Here, we show that C. elegans body wall muscles fire all-ornone, calcium-dependent action potentials that are driven by the L-type voltage-gated calcium and Kv1 voltage-dependent potassium channels. We further demonstrate that the excitatory and inhibitory motoneuron activities regulate the frequency of action potentials to coordinate muscle contraction and relaxation, respectively. This study provides direct evidence for the dual-modulatory model of the C. elegans motor circuit; moreover, it reveals a mode of motor control in which muscle cells integrate graded inputs of the nervous system and respond with all-or-none electrical signals.
The sinusoidal locomotion exhibited by Caenorhabditis elegans predicts a tight regulation of contractions and relaxations of its body wall muscles. Vertebrate skeletal muscle contractions are driven by voltage-gated sodium channel-dependent action potentials. How coordinated motor outputs are regulated in C. elegans, which does not have voltage-gated sodium channels, remains unknown. Here, we show that C. elegans body wall muscles fire all-ornone, calcium-dependent action potentials that are driven by the L-type voltage-gated calcium and Kv1 voltage-dependent potassium channels. We further demonstrate that the excitatory and inhibitory motoneuron activities regulate the frequency of action potentials to coordinate muscle contraction and relaxation, respectively. This study provides direct evidence for the dual-modulatory model of the C. elegans motor circuit; moreover, it reveals a mode of motor control in which muscle cells integrate graded inputs of the nervous system and respond with all-or-none electrical signals.
W ith the deciphering of the cell lineage (1) and the wiring diagram of the nervous system (2), Caenorhabditis elegans offers an attractive model to investigate fundamental mechanisms that govern neural development and communication (3, 4) . However, its small size has long made it difficult to accommodate in situ electrophysiological studies. C. elegans' motor circuit, therefore, was initially modeled based on its anatomical analogy with Ascaris, large parasite nematodes that exhibit a similar sinusoidal locomotion pattern (2, 5) . Electrophysiological analyses on Ascaris led to a dual-modulation model, where the somatic muscles receive both excitatory and inhibitory inputs to coordinate spatial-temporally correlated contractions (5) (6) (7) . Anatomical studies in C. elegans, such as the electron microscopic reconstruction of the neuromuscular system (2), behavioral analyses followed by the ablation of specific neurons (8) , and the identification of neurotransmitters and their receptors at neuromuscular junctions (9) (10) (11) , lent strong support to a similar mechanism at its motor system. However, it was not until the development of C. elegans muscle preparations that the detection of cholinergic and GABAergic currents was allowed (12) .
Questions remain as to how C. elegans encodes and transmits signals to control locomotion. Skeletal muscle contractions depend on excitation-contraction coupling, a process where muscle fibers fire action potentials in response to the excitatory inputs of the motor neurons and contract. Action potentials, the regenerative membrane depolarization events, are usually triggered by voltage-dependent sodium (Na + ) currents (13) . C. elegans does not have voltage-gated Na + channels (12, 14) . Indeed, most electrophysiological studies to date have alluded to a passive spread or to graded potentials in the nervous system, including motoneurons (14) , whereas a few neurons exhibit plateau potentials with either an up or down excitation state through unknown mechanisms (15) . C. elegans pharyngeal muscles fire spontaneous, cardiac-like action potentials that require both Na + and Ca 2+ (16, 17) . In body wall muscles, occasional spontaneous spike activities of varying amplitude were previously observed (18, 19) , but current injections elicited only graded potentials (18) . As most mature neuromuscular systems engage all-or-none action potentials for coordinated locomotion, how C. elegans locomotion is regulated remains unclear.
In this study, we performed whole-cell patch current-clamp recording with modified recording conditions and subsequently detected robust, all-or-none action potentials, both spontaneously and in response to depolarizing currents, by body wall muscles. We further dissect the channel components of these action potentials and demonstrate that (i) a single action potential by a muscle cell is sufficient to drive its contraction; (ii) excitatory motoneuron inputs potentiate action potential firing and muscle contractions; and (iii) inhibitory motoneuron activities block action potential firing, accompanied by muscle relaxation, providing a direct evidence for the dual-modulatory locomotion model.
Results

C. elegans
Body Wall Muscles Fire Action Potentials. How signals are coded and transmitted at the C. elegans motor circuit remains unclear. With modified intracellular recording conditions (Materials and Methods), we observed robust action potential-like spikes after the injection of either constant or ramp depolarizing currents in ∼90% of preparations ( Fig. 1 A and B) . Trains of such signals were evoked by prolonged current injections (Fig. 1C) . These signals fit all characteristics defining action potentials (20) : they are all-or-none, constant in shape and amplitude, regardless of the level of supraliminal stimulus, and they are self-terminating and exhibit a stereotyped, biphasic waveform. Their peak amplitude and half-width time were 52.6 ± 1.8 mV and 15.5 ± 0.9 ms, respectively, which is smaller in amplitude but significantly longer in duration than those observed in mammalian skeletal muscles (21) .
Spontaneous action potentials were also recorded in ∼80% of preparations (Fig. 1D) . The resting potential, −25.0 ± 1.0 mV (n = 27, Fig. 1D ), was considerably more depolarized than that of the C. elegans pharyngeal (16) and vertebrate skeletal muscles (21) . The high resting membrane potential probably resulted from a high chloride (Cl − ) permeability, as proposed for Ascaris muscles (22) , instead of potassium (K + ) equilibrium (13) . There was no significant difference in either amplitude or kinetics between the evoked and spontaneous action potentials (Fig.  1E) , and both were triggered at a threshold of approximately −10 mV (Fig. S1 A and B) . In ∼50% of our recordings, both low and high frequencies of spontaneous firing patterns were observed, resulting in an averaged spontaneous firing frequency of 0.73 ± 0.14 Hz (Fig. 1D and Table S1 ). Therefore, C. elegans body wall muscles are capable of firing action potentials in distinct patterns. moreover, the resting potential became hyperpolarized (−55.2 ± 2.4 mV), and the firing could be restored with increased current injection (3.0 ± 1.3 Hz) (Fig. 1F) . When both Na + and Ca 2+ were removed, no action potentials were observed, and the resting potential also became hyperpolarized (−62.3 ± 5.4 mV). However, action potentials could no longer be restored by increased duration and amplitude of currents injected (Fig. 1F) . These results suggest that Ca 2+ plays a primary role in the initiation of action potentials, whereas Na + affects action potential indirectly by maintaining the membrane potential.
L-Type Voltage-Gated Calcium Channel (VGCC) EGL-19 Elicits the Depolarization of Action Potentials. To identify the ion channels that elicit these action potentials, we compared the kinetics of spontaneous action potentials between wild-type (WT) and various channel mutants. egl-19, unc-2, and cca-1 encode for the α1-subunit of the L-, R,N,P/Q-, and T-type VGCC, respectively (23) (24) (25) . unc-36 and tag-180 encode the VGCC auxiliary α 2 δ-subunits (4). nca-1 and nca-2 are components of a cation leak channel (26) . Deletion, or severe loss-of-function (lf), alleles were examined in most cases. Because egl-19 null animals are embryonically lethal, two viable, recessive, partial lf alleles, n582 and ad1006 (23), were examined.
Action potential frequency was severely reduced in both egl-19 (lf) mutants, as will be discussed in later sections. Remaining action potentials exhibited altered kinetics, with a significantly delayed onset and a prolonged duration in both alleles, as well as a reduced amplitude in ad1006 (Fig. 2 A and B and Fig. S3 ). No change in action potential kinetics was observed in other mutants (Fig. S2A ), suggesting that L-VGCC/EGL-19 is the main Ca 2+ channel eliciting muscle action potentials. This is consistent with a previous finding that egl-19(lf) affects graded potentials in body wall muscles (18) .
To further investigate how egl-19(lf) mutants affect action potential kinetics, we examined whole-cell Ca 2+ currents in body wall muscles. Both egl-19(lf) mutants exhibited altered kinetics: in n582, the activation time constant showed a ∼10-fold increase ( Fig. 3 A and B ), similar to a previous report (18) , whereas the deactivation time constants remained normal (Fig. 3C) ; ad1006, on the other hand, exhibited a normal activation time constant ( Fig. 3 A and B) but abnormal deactivation kinetics, where the fast phase decay was absent (Fig. 3C ). Both egl-19 alleles exhibited a positive shift in the current-voltage curve ( Fig. 3 D and E) . The shift in the voltage dependence of activation, in combination with the altered kinetics of calcium currents in egl-19 mutants, can account for the delay in the initiation and the broadening of action potentials. The peak current density was decreased by approximately threefold in ad1006 but unaffected in n582 (Fig. 3F) , which is also consistent with a specific decrease of action potential amplitude in ad1006 mutants.
The resting membrane potential of the body wall muscle was slightly elevated in n582, and unchanged in ad1006 (Fig. 2D ). Depolarized resting membrane potential likely contributes to a mildly increased threshold (Fig. S1C ) and a slightly prolonged action potential firing (Fig. S4I) . However, hyperpolarizing membrane potential did not restore the broadening of action potentials in n582 (Fig. S4B) . Together with the lack of obvious changes in ad1006 (Fig. 2D ), the depolarized resting membrane potential in n582 was unlikely to account for the altered frequency and kinetics of action potentials in egl-19(lf) mutants. Together, these results support that L-VGCC/EGL-19 elicits action potentials in C. elegans body wall muscles. , Na + , or both. Lower traces show that, with increased current injection time and amplitude, trains of action potentials were elicited in normal and 0 Na + solutions, but were not in 0 Ca 2+ , or 0 Ca 2+ and Na + solutions. were reported to be expressed in both body wall muscles and neurons, and they constitute the macroscopic outward K + currents in cultured muscle cells (27) (28) (29) . SHK-1 and SHL-1 are α-subunits of the Kv1 and Kv4 voltage-gated K + channels, respectively, whereas slo-2 encodes a subunit of a Na + and Cl − activated K + (K Na ) channel (27) . SLO-1, the BK-type K + channel, is also expressed in both body wall muscles and neurons (30, 31) .
Among these mutants, only Kv1/shk-1(lf) affected action potential firing (Fig. 2 A and B and Fig. S3 ). In addition to a drastic reduction of action potential frequency (discussed in later sections), the remaining action potentials in Kv1/shk-1(lf) exhibited a >30-fold increase in duration and a moderately increased amplitude (Table S1 ), suggesting that Kv1/SHK-1 affects the action potential termination. We further examined the contribution of Kv1/SHK-1 in voltage-gated K + currents in muscles. These currents were significantly reduced in kv1/shk-1(lf) but were minimally affected in other mutants (Fig. 3 G and H) , consistent with Kv1/SHK-1 being a key voltage-gated K + channel involved in the repolarization of action potentials under our experimental conditions. (Fig. 3 A-F) or BK/slo-1(gf) (Fig. 3 G  and H) . UNC-36 and SLO-1 therefore likely affect muscle excitability indirectly. Given their broad neuronal expression, this result may reflect an effect of altered motoneuron inputs.
The defects of egl-19(lf) and shk-1(lf) are more complex because both mutants exhibit altered action potential kinetics (Fig.  2 A and B) as well as decreased action potential frequency (Fig. 2  C and D) . As L-VGCC/EGL-19 and Kv1/SHK-1 channels are present in both neurons and muscles (23, 29) , they may affect action potential frequency independently by modulating motoneuron inputs. Alternatively, the decreased spontaneous firing may reflect altered muscle cell membrane properties caused by altered action potential kinetics.
To distinguish between these possibilities, we compared the kinetics and frequency of spontaneous action potentials in egl-19 (n582) mutants that carried a functional EGL-19 transgene in different tissues by mosaic analyses and tissue-specific rescue. When the transgene was present in both neurons and muscles, the frequency and duration of the action potentials were fully restored (Fig. 4 A-C) . When the transgene was present in neurons alone, only the frequency of action potentials was rescued (Fig. 4 A-C) , suggesting that frequency was strictly regulated through a neuronal role of L-VGCC/EGL-19. During this analysis, we did not obtain a sufficient number of muscle-specific mosaic animals. We used an alternative strategy where we expressed EGL-19 minigene by a body wall muscle-specific promoter in egl-19(n582) mutants. In these animals, the resting membrane potential was fully restored (Fig. 4 A and D) , and the duration of action potential was partially restored, whereas the frequency remained reduced (Fig. 4 A-C) .
Together, these results indicate that L-VGCC/EGL-19, and probably also Kv1/SHK-1, have dual functions, where they participate in the initiation and termination of action potentials in body wall muscles and independently modulate the frequency of action potential firing through their effects on neural activities.
Motoneurons Regulate Action Potential Firing in Body Wall Muscles.
To investigate whether muscle excitability is regulated by neuronal inputs, we first examined a severe lf allele for UNC-13, a conserved presynaptic protein required for synaptic transmission (32) . unc-13(lf) mutants showed a severe reduction in the action potential frequency (0.04 ± 0.01 Hz), whereas, as expected, the resting potential and the kinetics of the remaining action potentials were normal (Fig. 4 E and F) .
C. elegans body wall muscles receive both excitatory (cholinergic) and inhibitory (GABAergic) motoneuron inputs. To isolate the effect of excitatory inputs, we blocked acetylcholine (ACh) receptors with D-tubocurarine (dTBC) in zxIs6 animals. These animals express a light-gated cation channel, channelrhodopsin-2 (ChR2) in cholinergic neurons (33) , allowing excitatory neuromuscular junctions to be specifically activated by light stimulation (34) . As reported (34), the application of 0.5 mM dTBC resulted in a ∼96% blockage of the ACh receptor currents evoked by a 10-ms light stimulation, and this effect was reversible upon washout ( Fig. 4 G and H) . Spontaneous action potentials were also reversibly blocked by ∼88% (Fig. 4 I and J) . Thus, cholinergic synaptic transmission is critical for potentiating action potential firing in body wall muscles. The application of 0.5 mM GABA, on the other hand, completely blocked the firing of action potentials (Fig. 4 K and L) , consistent with GABAergic synaptic transmission inhibiting action potentials in body wall muscles.
A Single Action Potential Is Sufficient to Drive Muscle Contraction. To explore the physiological relevance of these action potentials, we induced action potentials in zxIs6 animals by light stimulation and simultaneously recorded the muscle response. Each single action + current densities showed a significant decrease in shk-1(lf) and a slight reduction in slo-2(lf) mutants at ≥+40 mV. ns, not significant; **P < 0.01; ***P < 0.001; t test against WT. (Error bars: SEM.) potential, evoked by 1-ms light stimulation, elicited a brief muscle contraction (Fig. 5 A and B and Movie S2). A 1-s stimulation induced a train of action potentials (∼13 Hz), accompanied by a sustained tonic muscle contraction (Fig. 5 A and B and Movie S3). By contrast, no contraction was observed upon a 0.1-ms light pulse that triggered only a subthreshold voltage response (Fig. 5 A and B and Movie S1). Muscle contractions were also tightly correlated with single action potential firings in egl-19(n582) animals ( Fig. S5 and Movie S4), further supporting that these muscle contractions are activated by action potentials, not caused by photostimulation-induced artifacts. Therefore, not only do these action potentials correspond to muscle activities, but also a single action potential is sufficient to drive muscle contraction.
GABAergic Inputs Prevent Action Potential and Lead to Muscle
Relaxation. It has long been speculated that the inhibitory GABAergic synaptic transmission underlies contralateral muscle relaxation, contributing to the sinusoidal locomotion pattern (2) . Consistently, the application of GABA to body wall muscles blocked the firing of action potentials (Fig. 4 K and L) . We further investigated whether GABAergic motoneuron activity inhibits action potential firing in body wall muscles. Applying light stimulation to zxIs3 animals that expressed ChR2 in GABAergic motoneurons (34), we simultaneously recorded the electrical and mechanical activities of body wall muscles. The spontaneous action potentials were completely blocked when GABA release was triggered (Fig. 5C) . The inhibition was instant and reversible after the stimulation was removed (Fig. 5C) . The inhibition likely resulted from a GABA receptor-dependent resting potential hyperpolarization: upon stimulation, the resting membrane potential was decreased (Fig. 5C) , bringing it close to the reversal potential of the ionotropic GABA receptor (Fig. S6) . This hyperpolarization was accompanied by the relaxation of body wall muscles (Fig. 5D and Movie S5), providing the direct evidence that GABAergic inputs lead to the muscle relaxation (34) .
Body Wall Muscle Action Potentials Correlate with Locomotion. With the exception of shk-1(lf), all mutants with altered action potential patterns, egl-19(lf), unc-36(lf), and slo-1(gf), also exhibited sluggish locomotion, quantified as reduced body-bending in liquid (Fig. S7A) . Although shk-1(lf) showed normal locomotion, shk-1(lf);egl-19(lf) mutants exhibited further reduced locomotory activity and more severe paralysis than egl-19(lf) alone (Fig.  S7A) . These data support that the ability of body wall muscles to fire action potentials correlates with locomotion.
To further examine whether a defective locomotion in egl-19 (n582) mutants is caused by reduced frequency of muscle spiking, and/or defective spiking kinetics, we examined the motor activity, both in liquid (Fig. S7B ) and on plates (Fig. S7 C and D) , of egl-19(n582) animals expressing the functional EGL-19 transgene in either neurons or muscles. Reduced locomotion of egl-19(n582) was partially restored by neuronal EGL-19 transgene, but was either unaffected (in liquid, Fig. S7B ) or very slightly improved by muscle EGL-19 transgene (on plate, Fig. S7  C and D) . Because the neuronal EGL-19 transgene specifically restored the frequency of muscle spiking (Fig. 4B) , and the muscle EGL-19 only rescued the kinetics of spiking in egl-19 (n582) animals (Fig. 4C) , these results imply that infrequent firing of action potentials, rather than the defective action potential kinetics of muscle cells contributes more significantly to reduced locomotion of egl-19(n582) animals. However, locomotion was only fully rescued when EGL-19 transgene was present in both neurons and muscles (Fig. S7 B and C) , coinciding with muscle cells exhibiting both high spiking frequency and proper spiking kinetics (Fig. 4 B and C) . Therefore, rescued action potential kinetics did contribute to locomotion in egl-19 (n582) transgenic animals, albeit in a minor manner that was more difficult to detect by behavioral assays.
An All-or-None Output of the C. elegans Body Wall Muscles. A recent study implied that motoneurons transmit signals in a graded fashion (35) . To test whether this is the case with our recording conditions, we stimulated cholinergic motoneurons in zxIs6 with 1-ms light pulses of different light intensity and recorded both the resulting postsynaptic currents (in voltage-clamp mode) and membrane potentials (in current-clamp mode) in muscles (Fig.  6A) . Although the amplitude of the postsynaptic receptor ion influx correlated with the light intensity, these currents triggered allor-none action potentials identical to those we described earlier ( Fig. 6 A and B) . On average, a postsynaptic current of −67.9 ± 7.5 pA was required to trigger a single action potential (Fig. 6C) . More action potentials were triggered with both increased light stimulation and postsynaptic currents (Fig. 6 A and C) .
Together, these studies support the following model: through the ability to fire and alter the frequency of Ca 2+ -dependent action potentials in response to excitatory and inhibitory motoneuron inputs, C. elegans body wall muscles integrate graded neuronal inputs and use all-or-none electrical signals to coordinate muscle contraction and relaxation, as well as to drive locomotion (Fig. 6D) . Discussion C. elegans Body Wall Muscles Fire Action Potentials. In this study, we detected spontaneous and stimulus-induced all-or-none action potentials in C. elegans body wall muscles. We used the standard dissection and whole-cell patch-clamp techniques but reduced the Cl − concentration in the intracellular recording solution. High Cl − content in the original formula may have activated Cl − -activated K + channels (27, 28) and inhibited frequent action potential firing. Such a modified condition appears more suitable to examine the physiological properties of C. elegans neuromuscular junctions because the Cl − reversal potential, approximately −30 mV, corresponds to an inhibitory property of the ionotropic GABA receptor at body wall muscles, which exhibit a resting potential of approximately −25 mV under this recording condition.
The spontaneous spiking activity in body wall muscles was observed previously (18, 19) . However, unlike the all-or-none signals, the spike amplitude was variable, and current injection induced graded potentials. These graded potentials were also affected by L-VGCC/EGL-19 (18) . We speculate that both studies detected similar electrical properties of the body wall muscle, but these signals are more stable under the recording and dissection conditions implemented in this study. Together with the strong correlations we observed between these action potentials and muscle contraction or relaxation, these electrical signals likely correlate with the physiological activities of the C. elegans neuromuscular system. These action potentials exhibit distinct features: they are purely Ca 2+ driven, the peak amplitude is significantly smaller compared with action potentials of the C. elegans pharyngeal (17) and vertebrate skeletal muscles (21) , and their duration was approximately eightfold longer than those of vertebrate skeletal muscles. These findings are consistent with depolarization being driven by L-VGCCs instead of the fast-inactivating Na + channels. Single or trains of spontaneous Ca 2+ -driven action potentials have been observed in Ascaris muscle cells (36, 37) . However, they were with a more variable, 10-to 50-ms duration and a smaller peak amplitude up to ∼30 mV (37) . Ascaris muscle cells exhibited several other spontaneous electrical activity patterns; for example, the short or long membrane potential oscillations consisted of spikes with considerable fluctuations of peak amplitudes (37) , which were never observed in our preparations. The distinct patterns of electrical activities for Ascaris muscles probably reflect the difference in the locomotion pattern between the large, parasite and small, free-living nematodes and/or in the experimental conditions. L-VGCC Elicits Action Potentials in Body Wall Muscles. L-VGCC/ EGL-19 is the main Ca 2+ channel eliciting action potentials in C. elegans body wall muscles, whereas, in the pharyngeal muscles, both L-and T-type VGCCs contribute to shape action potentials with an extended plateau depolarization phase (25) . Although these action potentials are Ca 2+ -driven, their firing, nevertheless, also critically depends on Na + . A Na + dependence of excitability, which was attributed to the Na + conductance through other channels such as VGCCs (16) , was also observed in C. elegans pharyngeal muscles. In body wall muscles, however, the Na + dependence is because of its role in establishing the resting membrane potential, an effect that may involve a Na + pump (17) . Interestingly, most invertebrates also rely on Ca 2+ channels for muscle excitation and contraction. Although vertebrate muscles generate Na + -dependent action potentials to initiate their excitation, L-type Ca 2+ channels are involved in excitation-contraction coupling. Therefore, the role of L-VGCC in the C. elegans motor system may represent an evolutionarily conserved mechanism for body wall muscle excitation that became further refined in the vertebrate neuromuscular system. Although Kv1, Kv4, and K Na all contributed to the voltage-dependent K + currents in cultured muscle cells (28, 29) , our analyses of the respective deletion mutants only identified a significant reduction of voltage-evoked K + currents in Kv1/shk-1 animals. Consistently, Kv1/shk-1 alone affected action potential repolarization, supporting a conserved role of the Kv1 in action potential termination. As membrane repolarization eventually occurred in Kv1/shk-1 deletion mutants, other K + channels were activated to terminate action potentials under our experimental conditions. We speculate that other functionally redundant, voltage-or Ca 2+ -activated K + channels are involved in the termination of action potentials, which would account for the lack of obvious locomotion defect in kv1/shk-1 single mutants, whereas it enhanced the locomotory defects of another action potential-defective mutant egl-19. Identities of additional K + channels that are involved in action potential firing are unknown.
Dual Neural Modulation Underlies Coordinated Locomotion. Under such recording conditions, the resting potential of body wall muscles (approximately −25 mV) resides between the reversal potentials of ACh (+20 mV) and GABA (−30 mV) receptors (Fig. S6) , allowing its excitability to be increased by ACh and decreased by GABA. Such a membrane property is perfectly suited for the proposed dual-modulatory model of the C. elegans motor circuit. Indeed, cholinergic motoneuron activity led to an increase of action potential frequency, whereas an activation of GABAergic motoneurons hyperpolarized the membrane and prevented action potential firing in muscle cells. Moreover, the potentiation or inhibition of action potentials directly correlated with muscle contraction or relaxation, respectively.
In summary, we show that action potentials, driven by voltagegated Ca 2+ and K + channels and regulated by both excitatory and inhibitory motoneuron activities, underlie C. elegans body wall muscle contraction and relaxation. This study not only provides the direct experimental evidence for the dual-innervation model for the C. elegans motor circuit, but it also further implies that its body wall muscles can integrate graded neuronal inputs and deliver all-or-none electrical outputs to drive locomotion.
Materials and Methods
Electrophysiology. The pipette solution contained (in mM): 115 K-gluconate; 25 KCl; 0.1 CaCl 2 ; 5 MgCl 2 ; 1 BAPTA; 10 Hepes; 5 Na 2 ATP; 0.5 Na 2 GTP; 0.5 cAMP; 0.5 cGMP, pH 7.2, with ∼320 mosM KOH. The extracellular solution contained (in mM): 150 NaCl; 5 KCl; 5 CaCl 2 ; 1 MgCl 2 ; 10 glucose; 5 sucrose; 15 Hepes, pH 7.3, with ∼330 mosM NaOH.
Methods for other experiments are provided in SI Materials and Methods.
